Abstract In April 2017, a sequence of earthquakes offshore Valparaíso, Chile, raised concerns of a potential megathrust earthquake in the near future. The largest event in the 2017 sequence was a M6.9 on 24 April, seemingly colocated with the last great-sized earthquake in the region-a M8.0 in March 1985. The history of large earthquakes in this region shows significant variation in rupture size and extent, typically highlighted by a juxtaposition of large ruptures interspersed with smaller magnitude sequences. We show that the 2017 sequence ruptured an area between the two main slip patches during the 1985 earthquake, rerupturing a patch that had previously slipped during the October 1973 M6.5 earthquake sequence. A significant gap in historic ruptures exists directly to the south of the 2017 sequence, with large enough moment deficit to host a great-sized earthquake in the near future, if it is locked.
Introduction
The Chilean subduction zone has hosted three great-sized earthquakes in the 21st century to date, two of which have occurred in central Chile-a M8.8 in February 2010 offshore the Maule region and a M8.3 in September 2015 offshore of Illapel. In April 2017, an intense seismic sequence off the coast near Valparaíso (between the Maule and Illapel ruptures) drew further attention to this active subduction zone. The sequence, which occurred in the same region as the 1985 M8.0 earthquake, began on 22 April 2017 and was punctuated by events of M6.0 on 23 April, M6.9 on 24 April, and M5.9 on 28 April, before tapering off in early May. In all, the Centro Sismologico Nacional (CSN) recorded over 600 M2.5+ earthquakes over a 2 week period. Given the location of this sequence, the 2017 events raise questions about the potential seismic hazard for another large earthquake in the near future. Thus, the 2017 Valparaíso sequence provides us with an opportunity to consider a smaller earthquake in the context of previous great-sized earthquakes in a region with variability in regard to the spatial and temporal evolution of seismicity.
Spatially, the setting of the Valparaíso sequence is also of interest because it occurs adjacent to a suggested segment boundary. The ruptures of both the 1985 Valparaíso and the 2015 Illapel events were bounded at 32-33°(respectively, to the north of the 1985 event and south of the 2015 event; Figure 1 ). Here the Juan Fernandez Ridge enters the subduction trench, partitioning the subduction zone into a flat slab region to the north and a steeper dipping portion to the south. It is possible that this bathymetric feature marks a long-term segment boundary of the Chilean subduction zone Yáñez et al., 2002] .
The temporal evolution of the 2017 Valparaíso events is of interest due to the variable nature of previous greatsized earthquake sequences. The 2010 M8.8 Maule earthquake that ruptured the plate boundary directly to the south of the Valparaíso events, and the 2015 M8.3 Illapel earthquake directly to the north, had no foreshock activity. In contrast, the 1985 M8.0 earthquake that ruptured the same portion of the plate boundary as the Valparaíso earthquakes had a pronounced foreshock sequence, with several moderate-to-large earthquakes migrating toward the 1985 main shock over the preceding 15 years [Korrat and Madariaga, 1986] , and a cluster of foreshocks occurring over the 10 days prior to the main shock [Comte et al., 1986] .
Historic Seismicity
The coast of central Chile (29°S to 37°S) is one of the most seismically active areas on Earth and has hosted 15 great-sized (M ≥ 8.0) earthquakes over the past four and a half centuries ( Figure S1 in the supporting information). Prior to the twentieth century, there were eight great-sized earthquakes; these are detailed in the supplement. During the twentieth century, there were five great-sized earthquakes along the central Chilean coast. In 1906, a M8.4-8.6 event occurred off the coast of Valparaíso on 16 August. This earthquake is thought to be collocated with the M8-8.5 1822 earthquake and the 1985 M8.0 Valparaíso earthquake [Okal, 2005] and ruptured~400 km of the plate boundary [Beck et al., 1998 ]. On 11 November 1922, a M8.3-8.4 event occurred off the coast of Huasco (~28.6°S), rupturing~450 km of the northern subduction zone in this region, and was followed by extensive aftershocks. A M8-8.4 earthquake with an epicenter near Putu (~35.2°S) occurred on 1 December 1928, rupturing over~100-150 km and causing damage from Valparaíso to Concepción [Beck et al., 1998; Lomnitz, 2004] . Near Illapel (~31.6°S), a M8.3 event on 6 April 1943 caused a minor local tsunami at Los Vilos and ruptured the plate interface between the 1906 and 1922 events (~200-250 km). Although not a great-sized earthquake, the 9 July 1971, M7.8 event is of interest due to the location of its rupture area, which is located predominantly to the north and downdip of the northern portion of the 1985 rupture area. The southward propagation of the 1971 earthquake was thought to have been impeded by a barrier that later failed and initiated the 1985 earthquake [Korrat and Madariaga, 1986] .
The first great-sized Chilean earthquake that could be studied using broadband waveforms recorded by the Global Digital Seismograph Network was the 3 March 1985, M8.0 earthquake that occurred near Valparaíso [Choy and Dewey, 1988] . The 1985 event was found to have had a complex initiation, made up of two subevents with similar hypocenter locations [Comte et al., 1986] . The rupture of the 1985 earthquake propagated 60 km to the north and~110 km to the south, in an area previously ruptured in 1906, 1822, and 1730 [Comte et al., 1986; Barrientos, 1997] .
Central Chile has also hosted two great-sized earthquakes in the beginning of the 21st century. On 27 February 2010, a M8.8 earthquake occurred off the coast of Maule (~35.5°S) [Vigny et al., 2011] . The Maule Figure S1 for additional details, including background seismicity.
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10.1002/2017GL074767 earthquake had an active aftershock sequence with over 2500 M4+ aftershocks occurring over the 18 months following the main shock [Hayes et al., 2013] . The northern limit of the area ruptured by the 2010 Maule earthquake abuts the approximate southern extents of the 1985 and 1906 earthquakes. The portion of the subduction zone extending~150 km south of the 2010 hypocenter had last coseismically slipped in the 1835 earthquake [Hayes et al., 2013] . The most recent great-sized Chilean earthquake was the 16 September 2015, M8.3 Illapel earthquake [Melgar et al., 2016] . This event occurred over parts of the subduction zone last ruptured by the 1943, 1880, 1822, and 1730 earthquakes, and its rupture zone is approximately collocated with the 1880 and 1943 ruptures [Herman et al., 2017] , between 30°S and 33°S.
Historically, large earthquakes have not ruptured across 30°S where the Challenger Fracture Zone enters the trench; this feature is thought to act as a barrier to coseismic rupture [Carena, 2011; Métois et al., 2012] . At 32.5°S, the Juan Fernandez Ridge enters the trench and may have acted as a partial barrier to slip propagation in the 2015 Illapel event [Barnhart et al., 2016] . The subducted Juan Fernandez Ridge is located at the southern edge of the flat slab segment ( Figure S2 ) of the central Chile subduction zone from~28°S tõ 32°S. To the south of the Juan Fernandez Ridge, the Nazca plate subducts beneath the South America plate with a steeper dip, particularly evident at intermediate depths ( Figure S2 ). The ridge is thus considered a segment boundary with low seismic activity Yáñez et al., 2002] .
The 24 April 2017, M6.9 Valparaíso earthquake took place south of the Juan Fernandez Ridge, at~33.1°S ( Figure 1 ). This event occurred within the rupture area of the 1985 M8.0 Valparaíso earthquake in a region with a great-sized earthquake recurrence rate of 83 ± 9 years [Comte et al., 1986] . The 2017 sequence began on 22 April with several small events (M < 5) culminating in a M6.0 earthquake the following day. An aftershock sequence of 10 earthquakes followed, with magnitudes ranging from M3.9 to M5.6. The aftershock sequence of the M6.0 event lasted approximately 28 h before the M6.9 earthquake at 21:38:26 UTC on 24 April. The aftershock sequence of the M6.9 event consisted of 101 M3.5+ aftershocks, the largest (M5.9) of which occurred on 28 April at 15:30:05 UTC.
Finite Fault Modeling, Calibrated Relocations, and Regional Moment Tensor Analysis
To better compare the 2017 Valparaíso earthquake with the previous great-sized earthquakes in the region, we first determine the distribution of main shock slip using a finite fault model (FFM) analysis of the rupture [Ji et al., 2002] . The FFM inverts displacement records from 60 broadband P waveforms, 31 broadband SH waveforms, and 48 long-period surface waves. The Valparaíso main shock is at the limit of resolution for teleseismic FFMs, so velocity data were also incorporated to improve resolution. Our finite fault solution shows slip on the downdip portion of the inverted fault plane with peak slip of~1 m to the southeast of the hypocenter. Our model produces synthetic surface displacements (assuming an elastic half-space) in good agreement with the two available GPS stations in the region (Table S1 ). For more details on the FFM see the provided link in section 7. Barrientos [1997] examined coseismic slip for the 1985 Valparaíso earthquake by determining the slip distribution of the rupture region using leveling data, gravity measurements, mareograph data, tilt records, and tide gauge measurements. The resultant slip model shows maximum slip of~4 m occurring in a southern slip lobe downdip of the 1985 main shock. A northern lobe of slip northwest and updip of the main shock has maximum slip of~2.6 m. While offshore fault slip is difficult to recover in any geodetic inversion, and thus, the northern patch of slip in this model probably has higher uncertainty, the two-lobed pattern is dictated by the data; to reproduce observed subsidence in Valparaíso, slip must occur offshore (northern patch), and to reproduce observed landward tilting of the Rapel Lake basin, slip must take place downdip near Rapel Lake (southern patch). Slip during the 2017 Valparaíso earthquake lies in the saddle between these two 1985 slip lobes (Figures 2 and S3 ). The downdip cluster of aftershocks from the 2017 sequence is also located within this saddle, collocated with the foreshocks of the 1985 event. The 1985 foreshocks and 2017 aftershocks form a NE-SW line delineating the southeastern limit of the 2017 seismicity.
The location of the slip in the 2017 earthquake is generally anticorrelated with the foreshock and aftershock locations obtained using a multiple-event relocation method based on the hypocentroidal decomposition (HD) algorithm [Jordan and Sverdrup, 1981] and optimized to obtain calibrated locations, i.e., minimally biased locations with realistic estimates of uncertainty. The same technique was used to obtain improved Figure S4 ). The Valparaíso events were calibrated by relocating them together with nearby events from the 2010 Maule sequence for which there are arrival time readings at short epicentral distances from the temporary seismograph network deployed soon after that event [Beck et al., 2014] . The hypocentroid (which establishes the absolute location of all events) of the Valparaíso cluster was calibrated using only data at less than 1.0°epicentral distance to minimize the biasing effect of poorly known velocity structure. The hypocentroid has an uncertainty of 1.4 km, and the uncertainty of individual epicenters of the 2017 sequence range from 2 to 5 km with the majority of epicenters (92%) having an uncertainty of less than 4 km. The average uncertainty in depth is ±4.1 km. All of the events in the 2017 Valparaíso foreshock-aftershock sequence surround the slip patch, while the events occurring on 28-30 April surround the southern and downdip edges of slip (Figure 2 ).
Regional moment tensors [Herrmann et al., 2011] were produced for over half of the events in the 2017 Valparaíso sequence, allowing us to evaluate the relative distribution of upper plate, lower plate, and interface events. Regional moment tensor depths are all within the uncertainty estimates obtained from the HD relocations and had uncertainties in depth during modeling of <5 km, giving us confidence in their locations with respect to the slab. Most events in the sequence have moment tensors consistent with thrust faulting and are inferred to involve interplate slip. Four lower plate events occurred later in the aftershock sequence, along the southern updown and downdip edges of slip. No upper plate faulting appears to have been involved in the sequence.
Coulomb Stress Modeling
We compute Coulomb failure stress changes (ΔCFS) [Reasenberg and Simpson, 1992] throughout to evaluate the evolution of stress during the sequence, applying the approach of Herman et al.
[2016] to determine THE 2017 VALPARAÍSO EARTHQUAKE SEQUENCEwhether the sequence can be interpreted as a cascade of sequentially triggered events. Of the 54 relocated events with moment tensor solutions, 34 (63%) were positively loaded at their hypocenters by the preceding events (ΔCFS > 0.01 MPa), 18 (33%) were negatively loaded (ΔCFS < À0.01 MPa), and two (4%) were negligibly loaded ( Figure S5 ). We also compare the percentage of positively loaded events during this sequence to the percent of positively loaded historical events ; events from the Global Centroid Moment Tensor Catalog) [Ekström et al., 2012] . Of the 17 historical events in the same region as the Valparaíso sequence,~65% were positively loaded,~23% were negatively loaded, and~12% were negligibly loaded. Although the historical earthquakes appear to be positively loaded at a higher rate than the events in the 2017 sequence, there are not enough events to generate robust statistics, and stress changes from the historical large earthquakes in the region may also affect the location of these events. This analysis suggests that there is no clear evidence for the Valparaíso sequence being a series of sequentially triggered events responding to cascading ΔCFS.
By considering the stress changes from the 1971, 1985, 2010, and 2015 earthquakes, along with 46 years of interseismic loading, we can estimate the historical contribution of each on the loading at the location of the 2017 sequence. We use the finite fault models from the Maule and Illapel earthquakes [Hayes, 2017] , the Barrientos [1997] model for the 1985 Valparaíso earthquake, and a rupture polygon (assuming a uniform 0.5 m of slip) for the 1971 Valparaíso earthquake. Stress changes from interseismic loading are estimated by putting back slip onto Slab1.0 at seismogenic depths [Hayes et al., 2012] . Combined, the interseismic loading and four previous events add~4-5 MPa of ΔCFS to the location of the 2017 Valparaíso sequence. The majority of this additional ΔCFS comes from the interseismic loading (~4 MPa on average). The 1971 and 1985 events reduce the ΔCFS loading at the 2017 sequence by~0.3 MPa. The ΔCFS of the region is slightly increased by incorporating the Maule and Illapel events, which contribute~0.1-0.2 MPa. In addition, the stress drop for the 2017 Valparaíso earthquake is on the same order of magnitude as the stress increase due to interseismic loading. The magnitude of the stress drop of the 2017 event coupled with the Coulomb stress history of the region suggests that despite the previous large events surrounding the 2017 sequence, this area can still be considered a seismic gap.
Discussion
Combining the results from the relocations, regional moment tensor analysis, finite fault modeling, and Coulomb failure stress analysis, we can draw comparisons between the Valparaíso sequence and recent large sequences in the region. We can also consider how the four most recent historic earthquakes loaded the area that ruptured in the 2017 sequence and analyze the moment deficit remaining in the region.
The 2014 M8.2 Iquique earthquake (in northern Chile) had an active foreshock sequence with a clear pattern of migration of events leading up to the main shock. Similarly, the locations of our relocated 2017 events show a broad southward migration with time ( Figure S6 ). Coulomb failure stress analysis of the Iquique sequence indicates that its migration was driven by cascading ΔCFS, ultimately leading to the main shock. Results are less clear for the 2017 Valparaíso sequence, likely because of the smaller size and limited spatial footprint of the events. In contrast, neither the 2010 Maule nor the 2015 Illapel earthquakes had any foreshock activity. Regional moment tensor analysis of the Valparaíso events shows that the majority of earthquakes in the sequence were interface earthquakes. No upper plate faulting occurred, and there was minimal lower plate faulting. In this the Valparaíso sequence echoes the Iquique and Illapel sequences, which also elicited little to no upper plate response (though the Iquique sequence began with a large upper plate event). In contrast, the 2010 Maule earthquake ruptured most of the seismogenic zone and its aftershock sequence contained mechanisms spanning a broad range of the faulting spectrum [Hayes et al., 2014] . Figure S7 ). We varied the modeling parameters of the Coulomb stress analysis to explore the robustness of this result and found that there is positive loading regardless of the parameters chosen. Evaluating the individual Coulomb stress contributions of the previous four earthquakes and interseismic loading, we determine that the majority of additional Coulomb stress is contributed by incorporating 46 years of interseismic loading. We conclude, therefore, that the 2017 sequence is located in an effective "seismic gap" despite the previous large events in the surrounding region.
Comparing the 2017 Valparaíso earthquakes to the 1985 Valparaíso sequence indicates that the recent events occurred in the "saddle" (slip minima) between the two patches of moment release from the 1985 main shock (Figure 2 ). The HD locations of the 1985 sequence show that its foreshocks also fell between the two lobes of slip and lie at the southeastern limit of the 2017 seismicity. A M7.8 earthquake in 1971 ruptured much of the seismogenic zone downdip of the northern patch of 1985 slip (Figures 2 and 3) . The region containing the 2017 sequence has markedly low background seismicity and also slipped during a swarm-like sequence of events following a M6.5 earthquake in October 1973 [Korrat and Madariaga, 1986] . This "barrier" was subsequently breached in 1985, but with low slip, facilitating its isolated rerupture in 2017. We postulate that the subduction zone patch ruptured in 2017 is thus somewhat isolated from the surrounding subduction zone but responds to-and, importantly, helps modulate-stress transfer between and strain release on adjacent sections of the megathrust.
The collection of historic ruptures in central Chile reveals a patchwork pattern of megathrust slip over the 20th and early 21st century. The largest rupture zones in particular abut one another rather than demonstrate any evidence for asperity rerupture. At least with regard to the two most recent large events near Valparaíso in 1906 and 1985, this suggests that the return period of great-sized earthquakes in the region of 83 ± 9 years from Comte et al. [1986] may not be reflective of truly repeating earthquake processes. The smaller sequences (1971, 1973, and 2017 events) appear to spatially complement the larger ruptures, breaking smaller patches surrounding those larger events. The 2017 sequence may represent the first clear evidence of rerupture in this region over this time frame, having broken a portion of the megathrust that slipped in a moderate-sized event in 1973, and to a lesser extent during the 1985 M8.0 earthquake.
The remaining patches (those parts of the megathrust that have not ruptured over the same time period) would thus logically be where one would expect future earthquakes to occur. Analysis of moment accumulation and release along the margin since the turn of the twentieth century (Figure 3) shows that the 2017 sequence coincides with a depression in the moment release from the 1985 event (orange line), near the 
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southern edge of the main slip patch of the 1906 event (purple line). Total moment (green line) shows a potential slip deficit remains in this region; over a length of~300 km between the Illapel and Maule events, enough strain is stored for a M~8.5+ event, if the seismogenic zone is fully coupled. While geodetic coupling models [e.g., Métois et al., 2012] suggest low coupling over much of the region south of the Valparaíso sequence, particularly in the shallow subduction zone ( Figure S8 ), resolution in such models is low in the near-trench region. As such, we cannot rule out the possibility of a future large to great-sized event here, involving slip over the shallow gap in large ruptures (Figures 1 and S8 ). Any such shallow rupture could also be accompanied by a significant tsunami. North of the Juan Fernandez Ridge, an area of high coupling coincides with a gap between the southern edge of the 2015 Illapel earthquake and the northern and updip edges of the 1985 and 1906 events, respectively ( Figure S8 ). The moment deficit here is sufficient for an earthquake as large as~M7.8-8.2, depending on the area of slip and amount of coupling. We note that these calculations are based on the assumption that moment deficit was effectively zero at the beginning of the twentieth century, which is unlikely to be the case. Any pre-1900 strain accumulation (e.g., since the 1822 M8.0-8.5 or 1730 M8.5-9.0 earthquakes; Figure S1 ) would act to increase the size of potential future earthquakes in the regions analyzed here.
Conclusions
With a variety of tools, we have assessed the seismotectonic setting of the 2017 Valparaíso earthquake sequence, placing it into the context of historic ruptures in the region. This sequence, which began on 22 April 2017, was punctuated by a M6.9 rupture on 24 April, and ended in early May 2017, was confined to a small area in a region of low slip between the two major asperities of the 1985 M8.0 Valparaíso earthquake. The southern extent of 2017 seismicity coincides with the 10 day foreshock sequence of the 1985 event, and the entire 2017 sequence defines an area that also hosted a similar sequence of earthquakes in 1973, punctuated by a M6.5 event. Foreshocks and aftershocks of the 2017 M6.9 event surround the main slip patch of this large earthquake, as has been observed in a number of recent megathrust earthquake sequences.
The compilation of historic ruptures in this region reveals a pattern of complementary slip on the megathrust, rather than one of repeating events. With the exception of the small patch ruptured in 1973 and again in 2017 (with minor slip during the 1985 earthquake as well), no other part of the megathrust between 32°S and 34°S has reruptured with significant slip. A large gap in historic ruptures remains to the south of the 2017 sequence and updip of 1985 and 1906 ruptures; while geodetic coupling models suggest this section of the megathrust is not locked, their lack of resolution near the oceanic trench means that we cannot rule out the possibility of a great-sized earthquake in this region. Hazard for a large-to-great-sized event also remains farther north, between the northern edge of the 1985 event and the southern edge of the 2015 Illapel earthquake, and adjacent to where the Juan Fernandez Ridge enters the subduction zone. This ridge seems to have played a role in limiting the along-strike extent of earthquake rupture in the past, so any future earthquake here may also be limited by this geometrical feature.
Regardless of whether the 2017 Valparaíso sequence represents foreshock activity of a future larger event, careful analysis of sequences like this helps to increase our understanding of the behavior of the megathrust in this region. Comparing the Valparaíso sequence to historic earthquakes provides us with more insight into a subduction zone with significant variability in the spatiotemporal evolution of seismicity. Our observations provide context for why this sequence occurred where it did, and in turn help improve our ability to rapidly respond to megathrust events-an important task considering that potential remains for this region to host a great earthquake in the near future. The lack of resolution in geodetic coupling in near-trench regions of subduction zones, coupled with the associated high (and increased) hazard offshore Valparaíso, is a strong argument for the need for seafloor geodetic monitoring to better resolve the potential for future megathrust ruptures.
Data and Resources
Data used in this article are available through the U.S. Geological Survey (USGS) and the CSN. The finite fault solution for the 2017 Valparaíso sequence can be found online at https://earthquake.usgs.gov/earthquakes/ eventpage/us10008kce#finite-fault. Figures were produced using the Generic Mapping Tools software package [Wessel and Smith, 1991] . Bathymetry for basemaps uses Gebco2014 (http://www.gebco.net, last accessed April 2017). The catalog for the 2017 Valparaíso sequence is available in Science Base (doi:10.5066/F71Z439C).
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